Microalgae can be cultivated for producing high-valued products through the production of enzymes to offset the cost of CO 2 sequestration, providing financial incentives. The viability of algae in the photobioreactor needs to be monitored to ensure biologically active live cells. In this study, we explored a simple fluorometry method for differentiation of live and dead algal cells in photobioreactors by fluorescein diacetate (FDA) and propidium iodide (PI) fluorescence staining. FDA stains fluorescent green to the living cells while PI stains the dead cells, allowing the discrimination of live and dead cells. The method was evaluated using two green algae and two strains of cyanobacteria grown in shake flasks and a continuously stirred photobioreactor. The method was found applicable for Chlorella pyrenoidosa and Synechococcus 7002 but was not applicable for the cultures of Scenedesmus dimorphus and Synechococcus elongatus 7942. We conclude that FDA is a good stain for monitoring live algal cells in photobioreactors but its applicability to individual species of algae must be evaluated.
Introduction
Numerous products like polyunsaturated fatty acid (PUFA), lutein and astaxanthin are accumulated or synthesized in live algal cells in the late logarithmic or stationary phase [1] [2] [3] . Hence, it is essential to monitor the cell viability at each stage in the photobioreactor because a high proportion of dead cells present in a bioprocess is detrimental to bioproduct yield. It is also important to detect the viability loss promptly to take proper course of action [4] . The routine methods of optical density and dry weight measurements are able to indicate proliferation, but not the viability [5, 6] . Measuring only autofluorescence as the indicator of viability of algal cells may also be deceptive because dead cells may autofluoresce for months after cell death [7] .
In this paper, we explored the applicability of the fluorescein diacetate (FDA) and propidium iodide (PI) fluorescence method for quantifying live and dead algal cells, respectively, in photobioreactors. FDA is a non-polar, non-fluorescent substance, which enters the cells freely. Inside the cells, FDA reacts with a nonspecific esterase to break it down into fluorescing fluorescein and acetate. The fluorescein is highly polarized, and hence unable to cross the cell membrane in the live cells, acting as an indicator of membrane integrity. Fluorescein intensity can, therefore, be used as an indicator of metabolic activity and indirectly as a viability marker [8] since dead cells do not exhibit metabolic activity and quite likely have damaged membranes. Many authors have used FDA fluorescence to study viability and/or esterase activity of the algal cells [8] [9] [10] [11] [12] [13] [14] [15] . FDA is a good stain for the evaluation of metabolic activities of algal cells, as it has a good penetrability, high sensitivity, and good staining capacity for prokaryotic and eukaryotic algal cells [16] . However, one must examine individual species before applying FDA assay to monitor the viability of the culture.
3
PI is also well known for its application in staining dead cells of algae. PI intercalates with double-stranded nucleic acids. This fluorochrome is unable to pass through intact membranes because of its polar nature. When the cell dies, integrity of the cell membrane fails and PI is able to enter and stain nucleic acid. Hence, PI can be used to discriminate between the dead and viable cells [15, 17] .
FDA staining has been utilized in the field of marine phytoplankton analysis to check the viability, feeding or grazing of cyanobacteria, and the effect of various pollutants on algae. In most of these cases, the FDA-and PI-stained cells were either counted with flow cytometer or with a fluorescent microscope. However, no attempt has been reported in the literature on the application of differential FDA-PI counterstaining for monitoring algae growth and cell viability in photobioreactors. As part of an on-going project to develop and cultivate genetically modified microalgae strains for the production of an enzyme (laminarinase), it is important for us to keep high viability of algae cells for proper expression [18] . In this study, we explored the applicability of differential FDA-PI counterstaining method for monitoring the number of live and dead cells during their growth in photobioreactors. The differentiation and quantification were carried out with a simple instrument, fluorometer.
Materials and methods
The algae cultures used in this study are green algae Chlorella pyrenoidosa CCCM 7066 purchased from the Canadian Center for Culture of Microorganism at the University of British Columbia, Scenedesmus dimorphus (locally isolated from water), and cyanobacteria cultures of Synechococcus PCC 7002 and Synechococcus elongatus PCC7942 which were provided from Dr. Francis Nano at the University of Victoria [19] . The cultures of green algae C. pyrenoidosa and S. dimorphus were grown in the Modified Bold's Basal Medium (MBBM) [20] ; culture of S. elongatus PCC7942 was grown in BG11 medium [21] . Synechococcus PCC 7002 culture was grown in the A+ medium [22] .
Preparation of live and dead cells
A sample of 100 mL algal culture in the logarithmic phase was divided into two equal parts, which were then centrifuged at 2800g for 10 min. For C. pyrenoidosa, S. dimorphus and S. elongatus, pellets were re-suspended in 0.01 M phosphate-buffered saline (PBS) buffer (pH 7.4, 0.8% salinity). For the marine algae, Synechococcus 7002, the same buffer was used but with a 1.8% salinity. Heat-treated (dead) cells were prepared by boiling one of the algal cultures for 15 min in a water bath. The live and dead cell suspensions were then mixed to produce samples containing 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100% live cells.
Staining with FDA and PI
FDA main stock (5 mg/mL) was prepared in dimethyl sulfoxide (DMSO) and stored in a refrigerator at − 20 °C for up to 1 month. The working stock of FDA was prepared daily by 100-fold dilution of the main stock in ice-cold water and stored on ice in the dark until being used in the reaction medium (within 30 min). A 40-µL aliquot of the working stock of FDA was added to 1 mL of reaction mixture, giving a final concentration of FDA in the reaction mixture 2 µg/mL. The main stock of PI (3 mg/mL) was prepared in water and stored at 4 °C. The working stock was prepared fresh for each use by diluting the main stock tenfold in distilled water. 10 µL of the working stock of PI was added to 1 mL reaction mixture, giving a final PI concentration in the reaction mixture of 3 µg/mL. The reaction mixture was incubated on ice in the dark. The PI fluorescence of the mixture after 30-min incubation was measured by a fluorometer (Thermoscientific, Quantech filter fluorometer) at an emission wavelength of 620 nm and an excitation wavelength of 540 nm. FDA fluorescence was measured at an emission wavelength of 520 nm and an excitation wavelength of 490 nm.
Counting of live and dead cells of C. pyrenoidosa and S. dimorphus for correlation with FDA and PI fluorescence
Cells in the live and dead cells suspension were counted with a haemocytometer under the microscope. The counting was done a minimum of 10 times with various dilutions. Known numbers of dead and live cells were mixed in various proportions. The mixtures were stained with FDA and PI, with the fluorescence of FDA-and PI-stained cells being measured with the fluorometer. Relative fluorescence units (RFU) of FDA and PI were plotted against the number of live and dead cells, respectively.
Counting of live and dead cells of Synechococcus 7002 and S. elongatus 7942 for correlation with FDA and PI fluorescence
For the case of cyanobacteria, as the cells were very small, the counting of live and dead cells was carried out with a flow cytometer. Live and dead cells were mixed in various proportions, and the mixtures were stained with FDA and PI. The cell counts were obtained with an internal standard, carboxylate modified latex (CML) beads (Invitrogen, C37259, 10 µM size). The CML beads were added into each live and dead cells mixture just before flow cytometric counting.
A BD LSRII flow cytometer equipped with a 488-nm laser was used. Green FDA fluorescence was detected through the 530-nm bandpass while PI fluorescence was measured through the 640-nm bandpass. A total of 10,000 events were counted. Data acquisition and analysis were done with a computer and the Flowjo (Tree Star) software.
The best fit relationship was obtained by least-square regression of the plot of the number of live and dead cells counted from the flow cytometer and the respective FDA and PI fluorescence intensity observed with the fluorometer.
Growth monitoring with FDA and PI staining
Algal cells were inoculated in a 100 mL medium with 10% inoculum in 250-mL Erlenmeyer flasks. The inoculated flasks were incubated in a shaker at 100 RPM, 30 °C and illuminated with compact fluorescent lamps (CFL) with 100 µmol/m 2 /s light intensity. Samples were harvested daily by centrifugation and re-suspended in the PBS buffer solution. The samples were diluted to an optical density (OD) range of 0.1-0.3 and then stained with FDA and PI. The FDA and PI RFU were measured by a fluorometer. To obtain the actual fluorescence of the test sample (PI RFU), background fluorescence of PI and autofluorescence of the dead cells (if present) were subtracted from the initial PI fluorescence.
The algal growth was monitored with the optical density. The total viable count was also checked by spread plate method at selected cell growth stages.
Cells of Synechococcus 7002 were also grown in the 1 L A+ medium in two continuously stirred tank photobioreactors of 1.2 L capacity. The reactors were illuminated with compact fluorescent lamps (CFL) with 70 µmol/m 2 /s average light intensity at the surface of the photobioreactor closest to the light source and were maintained at 30 °C. One photobioreactor was sparged with air (atmospheric CO 2 ), and the other was aerated with a CO 2 -air mixture with 10% (v/v) CO 2 . The total flow rate was 0.4 L/min for both reactors. The algal growth was monitored with optical density and FDA-PI staining.
Results and discussion
The relationship between the dead Chlorella pyrenoidosa cells and the PI fluorescence intensity is given in Fig. 1a . All data can be well correlated by a linear equation Y = 151.3X (r 2 = 0.968). The relationship between the number of live Chlorella pyrenoidosa cells and FDA fluorescence intensity is given in Fig. 1b . The least-square regression of the data gave a linear correlation of Y = 39.46X (r 2 = 0.986).
Live and dead cells of Synechococcus PCC 7002 were counted with a flow cytometer and Figs. 2 and 3 show the dead and live cells of the Synechococcus7002, respectively.
The PI fluorescence intensity and the number of dead cells could be well fitted by equation Y = 30.92X (r 2 = 0.982) (see Fig. 4a ). The FDA fluorescence and the number of live cells counted by the flow cytometer also showed a linear relationship Y = 5.88X (r 2 = 0.953), as shown in Fig. 4b .
The FDA fluorescence and number of live cells showed a linear correlation with significant r 2 values, 0.98 for C. pyrenoidosa and 0.95 for Synechococcus 7002. Hence, we see a great potential to apply FDA staining for the estimation of the number of live cell for these two cultures.
FDA staining was found to be inappropriate for live cells of S. elongatus and S. dimorphus cultures (data not shown). In the case of S. elongatus 7942, FDA fluorescence was not detected in the logarithmic phase. However, when the culture reached the late stage of the logarithmic phase, FDA fluorescence was observed (data not shown). Similar observations were also reported by Peperzak and Brussaard [23] for four pytoplanktonic species including two species of Synechococcus. Markelova et al. [4] showed that the cells of Anabaena varibilis emitted FDA fluorescence when the cells were dead, but fresh and healthy cells did not show FDA fluorescence. They also observed that only dividing cells of Scenedesmus acuminatus samples were stained with FDA. Similarly, in our lab, FDA fluorescence was not observed in the cells of S. dimorphus during the logarithmic phase. Many authors used FDA to stain various strains of Scenedesmus as an indicator of the metabolic activity of the cells. However, the conditions they used for the FDA staining differed considerably from the process adopted here. Wu et al. [24] used 2 h for incubation with FDA, and such a long incubation period might have changed the physiology of the cells considerably [15] . Shi et al. [25] and Tukaj et al. [26] used much higher concentrations of FDA (25 and 10 µg/mL, respectively) in their reaction mixtures than what were used in our assay (2 µg/mL).
Staining with PI is simple and works well with FDA as the counterstain because their emission spectra do not overlap. However, the emission wavelength of PI fluorescence of dead cells sometimes overlaps with autofluorescence of green algae. We observed this phenomenon in cells of S. elongatus 7942 (data not shown). However, none of the other three cultures had the problem and we were able to monitor the number of dead cells during the growth.
To test the feasibility of the current method for estimating live and dead cells, the best-fitted linear equations were applied to determine the number of live and dead C. pyrenoidosa cells cultivated in MBBM medium and Synechococcus 7002 cells in the A+ medium. The growth curves were plotted with the number of live and dead cells in the medium as a function of time in Figs. 5 and 6. The growth of Synechococcus 7002 in a 1-L continuously stirred photobioreactor was also monitored with FDA and PI staining, with the results given in Fig. 7 .
To check the actual number of live cells, cells from the medium were spread plated on respective agar plates to find the total viable count, with the number of viable cells detected by the plating method and compared with that estimated by FDA staining method in Table 1 . The average error is about 15%, also lower for Synechococcus 7002 than for C. pyrenoidosa.
A review of the literature shows that FDA fluorescence is sensitive to many incubation conditions such as light intensity [24, 25, 27] , temperature [27] and nutrient availability [10] . Hence, changes in incubation conditions for the culture may affect the FDA fluorescence. To avoid any discrepancy between the number of live cells and measured FDA fluorescence, we maintained the same set of incubation condition throughout the growth period of algal cultures. During the growth of C. pyrenoidosa and Synechococcus 7002, measured FDA fluorescence was used to estimate the number of live cells in the culture. In the C. pyrenoidosa culture, the number of live cells reached a maximum of 27 × 10 6 cells/mL on the 5th day and then decreased continuously (Fig. 5 ). The number of dead cells increased slowly for the first 6-7 days and then more rapidly thereafter. The optical density, which represents the total number of cells, also showed an increase with time but it did not give any information about the increased number of dead cells. Figure 5 also shows that the number of live cells decreased after day 15, while the dead cells continued to increase beyond day 15, which appeared to be unreasonable. However, the total viable count of C. pyrenoidosa on the 15th day showed 13.6 × 10 6 cells/mL, which was 29% higher than the number of live cells detected by FDA staining (Table 1 ). This suggests that the FDA fluorescence intensity decreased considerably in the stationary phase of C. pyrenoidosa even though cells were still alive. This seems to be consistent with the observations of Peperzak and Brussaard [23] , who reported that in some algal species, FDA fluorescence of live cells declined at least by 20% in the stationary phase. Thus, the FDA staining will not give a correct estimation of the live cells of C. pyrenoidosa in the late logarithmic phase. In the case of Synechococcus 7002, such a discrepancy in the number of live cells detected by plate and FDA fluorescence methods was not observed. Growth of Synechococcus 7002 in shake flasks showed a continuous increase in the number of live cells and dead cells with time ( Fig. 6) .
A culture of Synechococcus 7002 was grown for 20 days in a CSTR reactor. The number of live and dead cells increased considerably with time. As expected, the optical density increased continuously ( Fig. 7) in correspondence to the increase in both live and dead cells. The growth rate measured by optical density is higher in the photobioreactor aerated with 10% CO 2 than that aerated with air. The maximum OD attained was 8 (dry wt. 2 g/L) on the 20th day of incubation with 10% CO 2 . The reactor aerated with air has the highest OD of 5.9 (dry wt. 1.5 g/L) on the same day. However, FDA-PI staining showed different results. The reactor aerated with 10% CO 2 has 2.6 × 10 8 dead cells/ mL and 4.0 × 10 8 live cells/mL, while the reactor aerated with air has 1.6 × 10 8 dead cells/mL and 4.9 × 10 8 live cells/mL. The higher OD observed in the 10% CO 2 aerated reactor may be due to the contribution from these additional 1 × 10 8 dead cells/mL. Thus, a higher OD does not necessarily mean a higher number of active or live Fig. 6 The growth of Synechococcus 7002 estimated by differential FDA and PI staining method and the optical density. Line with filled squares: number of live cells × 10 6 /mL. Line with filled circles: number of dead cells × 10 6 /mL. Line with filled triangles: total number of cells × 10 6 /mL. Line with filled inverted triangles: the OD (600 nm). (Values are mean ± SE of three independent experiments) Fig. 7 The growth of Synechococcus 7002 in CSTR photobioreactor estimated by differential FDA and PI staining method and the optical density. a Growth at atmospheric CO 2 . b Growth with 10% CO 2 . Line with filled squares: number of live cells × 10 6 /mL. Line with filled circles: number of dead cells × 10 6 /mL. Line with filled inverted triangles: the OD (600 nm) cells, as OD is unable to differentiate between live and dead algal cells.
Conclusions
The FDA and PI differential staining method was applicable for estimating live and dead cells in cultures of C. pyrenoidosa and Synechococcus 7002. The FDA staining was useful for determining the number of live cells of C. pyrenoidosa in the early growth phase. The PI staining method helped in quantifying the number of dead cells in the medium, which was not possible with most of the conventional methods. Therefore, differential staining with FDA and PI by measuring fluorescence intensity with a fluorometer can be used as an effective tool to monitor the number of dead and live cells in the algae photobioreactors, in addition to the total cell concentration. In the future, we will apply this FDA-PI technique in combination with optical density to monitor the cell concentration and viability of genetically modified C. pyrenoidosa and Synechococcus 7002 algae cells in our laboratory bubble column photobioreactors. 
